The disulfide crosslinking pattern of human placental insulin receptor was investigated using selective reduction with tributylphosphine followed by alkylation with N-[3lHlethylmaleimide. Insulin receptor contains a single sulfhydryl group in each a3 subunit whose alkylation with N-[3H]ethylmaleimide inhibits receptor autophosphorylation. Alkylation is partially inhibited by ATP or the nonhydrolyzable substrate analog adenosine 5'-[li,-imidojtriphosphate when the nucleotides are added as Mn2+ complexes. Neither insulin nor 6 M guanidinium chloride renders additional sulfhydryl groups accessible to alkylation. When the receptor is reduced under drastic conditions with tributylphosphine in guanidinium chloride, 32 of the 37 sulfhydryl groups in the receptor's a subunit can be alkylated with N-[3Hjethylmaleimide. Surprisingly only three of the 10 cysteines in the 13 subunit become titratable under identical conditions. By using highly selective reducing conditions, we were able to determine quantitatively the maximum number of disulfide bridges that link the two ac8 halves to form the tetrameric structure and those that couple the a to the 13 subunits. Liberation of two sulfhydryl groups in the a and one in the (3 subunit resulted in formation of a.1 dimers. Free (3 subunit was formed when an additional disulfide bond was reduced. It is remarkable that the tetrameric structure of this highly complex receptor molecule, which contains a large number of cysteine residues, is maintained by such a small number of disulfide bonds. Three models of the arrangement of the labile disulfide bonds, consistent with these findings, are proposed.
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Human placental insulin receptor is a tetrameric glycoprotein composed of two heteromeric dimers, each dimer containing an a subunit (125 kDa) and a 8 subunit (90 kDa). The a subunits, located on the extracellular surface of the plasma membrane, contain the insulin binding site. The , subunits can be divided into three sections, an extracellular sequence, a membrane-spanning sequence, and an intracellular portion. When insulin combines with its receptor, the cytosolic portion of the 8 subunit undergoes autophosphorylation, activating it as a tyrosine kinase.
The tetrameric structure of the receptor is maintained, in part, by disulfide bonds that possess differential sensitivity to reducing agents (1) . At low concentrations of reducing agent, a,3 dimers are formed whereas higher concentrations of reductant are necessary to form individual subunits. Several models of the receptor have been proposed (2) (3) (4) . The most familiar of these depicts the a subunits linked to one another by disulfide bonds to form the dimer with the , subunits linked by disulfide bonds only to the a subunits (,8-S-S-a-S-S-a-S-S-,B) (2, 3) .
The present study focuses on the quantitative determination of the disulfide linkages responsible for preserving the architecture of the insulin receptor.
MATERIALS AND METHODS
Crystalline bovine insulin was a gift from Eli Lilly. Triton X-100 and tributylphosphine were from Aldrich. Octyl ,Bglucoside was from Pierce. N-Ethylmaleimide (NEM), di- and 3H. Alkylation of phosphorylated partially reduced receptor (10 pmol) was performed in essentially the same manner except that incubation was for 30 min at 250C and the precipitate was dissolved in nonreducing Laemmli sample buffer. Samples were analyzed by SDS/PAGE on a DHEBAcrosslinked gel (4% stacking/5% resolving gel). The gel was stained with Coomassie brilliant blue R-250 and an autoradiogram of the gel was obtained. Areas corresponding to radioactive bands were excised and either (i) dissolved (10) and assayed simultaneously for 32P and 3H or (ii) subjected to SDS/PAGE. In the latter case, the gel slices were incubated with 200 ,ul of 50 mM NH4HCO3/2% (wt/vol) SDS/0.1 mM phenylmethylsulfonyl fluoride for 6 hr at 370C and the eluate was subjected to chloroform/methanol extraction (9) . The precipitate was dissolved in Laemmli sample buffer containing 200 mM dithiothreitol and analyzed by SDS/PAGE on a DHEBA-crosslinked gel (5% stacking/7.5% resolving gel). An autoradiogram of the gel was obtained and areas corresponding to radioactive bands were excised, dissolved (10), and assayed simultaneously for 32P and 3H.
Other Assays. Protein was determined with fluorescamine (11) . The binding of 125I-labeled insulin was determined by the polyethylene glycol assay (12, 13) and the results were subjected to Scatchard (14) analysis.
RESULTS AND DISCUSSION
Alkylation of the Native Receptor. NEM inhibits autophosphorylation of the native insulin receptor (15) (16) (17) (18) (19) , indicating that a free sulfhydryl group may be at or near the active site of the tyrosine kinase. It has been shown also that exposure of the insulin receptor to radioactive NEM results in incorporation of radioactivity into the /3 subunit (19) . Quantitation of the radioactivity incorporated into receptor incubated with [3H]NEM demonstrated that alkylation was confined to a single cysteine residue in the subunit (5) .
In a number of ATP-metabolizing enzymes, where NEM alkylation inhibits activity, inhibition is reduced in the presence of substrate (20) (21) (22) (23) Insulin has no effect on the number of sulfhydryl groups alkylated, suggesting that hormone activation of the receptor does not involve sulfhydryl generation. This also suggests that insulin-stimulated receptor aggregation does not occur through sulfhydryl-disulfide interchange since the single SH group can still be titrated in the presence of hormone.
Subjecting the receptor to denaturing conditions did not generate any more titratable sulfhydryl groups. When receptor was alkylated with [3H]NEM in 6 M guanidinium chloride and subjected to SDS/PAGE under reducing conditions (Table 2) , only 1 mol of [3H]NEM was incorporated per mol of a,3 dimer and incorporation was exclusively into the 13 subunit. Thus it would appear the guanidinium chloride does not render additional sulfhydryl groups available for alkylation.
Alkylation After Reduction. Tributylphosphine has two distinct advantages over other reducing agents such as mercaptoethanol or dithiothreitol (26) . First and foremost, it does not react with NEM, a property that permits the use of lower concentrations of NEM for the alkylation of liberated sulfhydryl groups. Second, reduction is, in many instances, virtually quantitative when only a 10% excess of the reagent is used (26, 27) . By varying the ratio of reducing agent to receptor half-cystine residues, selective reduction of certain disulfide bonds can be achieved. Exposure of the liberated sulfhydryl groups to [3HJNEM and determination of tritium incorporation allows quantitation of the reduction. The human placental insulin receptor contains 47 cysteine residues in the a/3 dimer of which 37 are located in the a subunit and 10 are in the f subunit. Under drastic reducing conditions (i.e., 5.0 mol of tributylphosphine/half-cystine at 55°C in the (33) . This ester linkage is cleaved by mercaptoethanol; however, its reactivity toward tributylphosphine has not been investigated. The presence of covalently attached fatty acids in both the a and /3 subunits of the insulin receptor has been documented (34) . Although the number of fatty acid residues present in the receptor has not been established, Hedo et al. (34) have shown that 50-70% of the fatty acid in the subunit is likely to be present in an ester or thioester linkage. The nature of the linkages for the remaining fatty acids is unknown.
Quantitative determination of the number of disulfide bonds necessary to maintain the tetrameric structure of the insulin receptor was performed by exposing the phosphorylated receptor to limiting concentrations of tributylphosphine, alkylating the reduced receptor with [3H]NEM, and separating the alkylated receptor forms by nonreducing SDS/PAGE. The various receptor forms were visualized by autoradiography and bands corresponding to the various receptor forms were excised from the gel. To determine whether the [3H]NEM was in the a or/3 subunit, samples were eluted from the gel and subjected to SDS/PAGE under reducing conditions and the same quantitative determinations were performed.
Since the amount of receptor present in the form of tetramer, dimer, and individual subunits varies with the concentration of tributylphosphine employed for reduction, a method had to be found for quantitating each receptor species. For this reason, receptor was autophosphorylated with [y-32P]ATP. The 32P content of the receptor was correlated with its '251-labeled insulin binding capacity and with protein determinations so that radioactivity could be converted to mol of receptor. Once these values were established for a given receptor preparation, the 32p served as an internal standard by which recovery could be determined. Quantitative determination of alkylated sulfhydryl groups in the a subunit was only possible on dimer species resubjected to SDS/PAGE under reducing conditions. In this case recovery of a subunit could be equated to recovery to /3 subunit.
An autoradiogram of a nonreducing SDS/polyacrylamide gel of 32P-labeled receptor, exposed to various concentrations of tributylphosphine and alkylated (Fig. 1) , shows a dose-response pattern for the various forms of the receptor. At low concentrations of tributylphosphine, reduction primarily to the dimer stage can be achieved. The precise concentration of reducing agent necessary varies slightly from one receptor preparation to another.
Quantitative determination of the [3H]NEM content of the various forms is presented schematically in Fig. 2 . As noted in Table 1 , alkylation in the absence of reducing agent results in the incorporation of approximately 1 mol of [3H]NEM per dimer and the radioactivity is exclusively in the / subunit. Alkylation using a tributylphosphine/half-cystine molar ratio of 0.05:1 did not cause reduction to dimer (Fig. 1) and 0.95 mol of [3H]NEM per dimer was incorporated (data not shown).
The following discussion will focus on alkylation that occurs in addition to reaction at the intrinsic sulfhydryl group in the /8 subunit under nonreducing conditions. The first evidence of reduction is seen with a ratio of 0.1:1 (mol of tributylphosphine/mol of receptor half-cystine) when virtually all the receptor is reduced to the af3 dimer form.
At ratios of 0.1 or 0.2 (mol of tributylphosphine per mol of receptor half-cystine), approximately 3 mol of [3H]NEM was incorporated on conversion of tetramer to dimer. The bands corresponding to dimer were excised, and the protein was extracted, reduced, and subjected to SDS/PAGE. The [3H]NEM content of the a and ,8 subunits revealed that dimer formation occurred with incorporation of as few as 2 mol of NEM per mol of a subunit and 1 mol of NEM per /3 subunit. At a reducing agent/half-cystine molar ratio of 0.4, an additional 1.19 mol of [3HJNEM was incorporated into the a subunit with no change in the [3H]NEM content of the ,B subunit. This may result from partial reduction and alkylation of several disulfides. In any event this additional reduction and alkylation is not accompanied by production of individual subunits.
Formation of free /3 subunits occurred when two disulfide bonds were reduced and alkylated in the /3 subunit.
To confirm that the operations involved in electrophoretic separation of the a/3 dimers did not cause disulfide reduction, the band corresponding to a/3 dimer (Fig. 1, lane 5 ) was recovered and subjected to SDS/PAGE under nonreducing conditions (Fig. 3, lane 3) . This control sample migrated in the position corresponding to a/3 dimer. Furthermore, when a/3 dimers were reduced and separated into individual subunits, the sum of the [3HJNEM content of the a and / subunits agreed with the total [3H]NEM of the dimer from which they were derived (Fig. 2) .
Traditionally the receptor has been depicted with the a/3 dimers linked to each other exclusively through the-a subunits and the /3 subunits linked only to the a subunits (a model similar to structure I in Fig. 4 ). To our knowledge, there is no unequivocal evidence in support of this model. The suggestion has been made (35) that the dimers may be linked through the a subunits on the basis of finding an a-a species on SDS gels under nonreducing conditions. However, Boyle et al. (36) (Fig. 4) . The choice of this model is arbitrary. molecular mass forms of the receptor can be prevented by alkylating the receptor with NEM prior to electrophoresis. They have demonstrated that these species arise because of disulfide exchange reactions.
On the basis of results of tryptic digestion of receptor in Fao cells, Shoelson et al. (37) proposed that the dimners are linked only through the a subunits. Unfortunately, their results are not conclusive because reductive cleavage of receptor apparently occurred during sample preparation.
Three models (Fig. 4) of the disulfide bond arrangement in the receptor tetramer are consistent with our experimental findings. In structure I, the receptor dimers are linked only through the a subunits; in structure II, the dimers are linked only through the /8 subunits; and, in structure III, disulfide bonds between both a and , subunits maintain the tetramer. Each ofthese models conforms to the experimental data (i.e., that dimer is formed when two bonds in the a and one bond in the subunit are reduced and alkylated and free ,B subunit is produced when an additional bond is broken). In structure I breaking the bond between the two a subunits would generate dimers. However, to account for the second bond in the a subunit and the bond in the 13 subunit, it must be postulated that a bond between the a and ,3 subunits is also cleaved. Cleaving the remaining a-P bond would then produce individual subunits. In structure II, the experimental Past experiences with the receptor have demonstrated the sensitivity of the tetrameric structure toward reducing agents. With knowledge of the limited number of disulfide bridges responsible for preserving the intact unit, it is easy to rationalize this behavior. It is also reasonable to expect that exposing the receptor to conditions that favor disulfide interchange could readily produce higher molecular mass forms.
If insulin-induced receptor aggregation occurs through disulfide formation, one would expect that the single SH group in the subunit would no longer be available for titration. This is not the case. Furthermore, the finding that exposure to guanidinium chloride failed to provide additional titratable sulfhydryl groups in the native receptor may indicate that none exist. These two pieces of evidence, thus, argue against disulfide formation as a mechanism for ligandinduced receptor aggregation.
Quantitative determination of the degree of alkylation that occurs upon limited reduction of the insulin receptor has afforded a remarkable insight into the tetrameric structure of this complicated molecule. Surprisingly, the subunit arrangement of this high molecular mass protein is maintained by very few disulfide linkages. It is especially curious that a protein having 47 cysteines per dimer, 26 of them clustered in a cysteine-rich domain of the a subunit, should use so few disulfides to stabilize the tetramer. The importance of these few disulfide bonds for assembly of the receptor during its biosynthesis and for the ability of the a and /3 subunits to communicate remains to be investigated.
